Abstract: Studying the properties of water confined in carbon nanotubes (CNTs) have gained a lot of interest in recent years due to the vast potential applications of systems in nanoscale liquid transport as well as biology functions. This article presents a comprehensive review of recent experimental and theoretical results using nuclear magnetic resonance (NMR) and molecular dynamics (MD) simulations. Different NMR methods including 1 H and 2 H NMR line shapes, relaxation, and diffusion measurements are reviewed. In addition, we present a review of MD studies that explained the driving forces behind water filling, structure of confined water, and its flow in CNTs. Debatable issues in the results are pointed out, and several possible directions for future research, both experimentally and theoretically, are proposed.
Introduction
The properties of bulk water have been studied for a long time. However, the behavior of water in the vicinity of surfaces and in confined geometries seems to diverge from that of bulk water. Understanding confined water has garnered a lot of interest in various areas of science, engineering, and medicine. For example, the physical properties of hygroscopic polymer-based materials, the effectiveness of many catalysts or catalyst particles, multiphase (oil and water) flow in rock reservoirs, groundwater remediation, and the state of biomolecular, cellular, and tissue components all involve water interacting with surfaces inside nano-dimensions.
The properties of confined water depend on the size, topology, and nature of the nano-confinement. Surfaces interact with water in their vicinity via strong hydrophobic and/or hydrophilic forces. As a consequence, the structure, dynamics, and phase diagrams of confined water often deviate from those of bulk water. Fundamental understanding of such properties requires thorough investigation of these confinements. Due to the complexity of water behavior in real-world systems (e.g. biological tissue, cement, soil, and rocks), investigators have resorted to studying simple model systems in order to gain more insights on the water-surface interactions. Model systems with uniform confinement spaces and pores are often used. To model hydrophilic confinements of water, silica material MCM-41 is widely investigated by many research groups, while carbon nanotubes (CNTs) are often used to model hydrophobic surfaces.
Different experimental tools are used to study water in restricted geometries. One such method is nuclear magnetic resonance (NMR), which utilizes the interaction between nuclei of non-zero spin quantum number and external magnetic fields. NMR is considered one of the most important non-invasive tools for studying water-surface and nano-confined water systems. On the other hand, molecular dynamics (MD) computer simulation is the most used theoretical tool for investigating confined water. MD simulations provide more insights on the molecular details of the interactions between water-surface (water-CNT).
In this article, we present a review of the recent publications (mostly in the last decade) that focus on the contribution of NMR and MD studies on confined water systems. We also refer the reader to some previous review articles [1] [2] [3] on similar topics. The main purpose of this review is to answer the following questions: (i) the current state of our understanding of water dynamics and behavior in the vicinity of CNTs; (ii) the most important open issues; and (iii) possible future experimental or theoretical work.
The paper is organized as follows. First, a brief introduction to CNTs and water in nano-confinement is presented in Sections 2 and 3. The experimental results from different NMR techniques on water-CNTs are presented and discussed in Sections 4 and 5. The results from recent MD simulation studies on the same topic are discussed in Section 6. Conclusions from the reviewed articles and possible future work are presented in Section 7.
Carbon nanotubes
CNTs are large molecules consisting of a hexagonal arrangement of sp 2 hybridized carbon atoms. The distance between any two adjacent carbon atoms is about 0.14 nm. The wall of CNTs consists of a single (SWCNT) layer or multiple (MWCNT) layers of graphene sheets. The form of SWCNTs can be visualized by rolling one graphene sheet seamlessly into a carbon tube. The SWCNT structures can be specified completely by their chiral vectors, which are defined by the chiral indices (n, m) giving three different types of CNTs: armchair, zigzag, and chiral. The interlayer separation of the graphene layers of MWCNTs is approximately 0.34 nm on average, each one forming an individual tube, with all the tubes having a larger outer diameter (2.5-100 nm) compared to that of SWCNTs (0.6-2.4 nm). The latter has a betterdefined wall, whereas MWCNTs are more likely to have structural defects. The quasi-one-dimensional character of SWCNTs has attracted more and more research attention on the water adsorption on their surface, partly due to the fact that SWCNTs can be used as a model system for understanding water transport in biological cells and possibly for drug delivery applications [4] [5] [6] . Many cancer drugs are hydrophobic in nature, and CNT is one of the potential materials as a drug carrier.
Water in nano-confinement
In bulk, each water molecule, on average, forms four hydrogen bonds with the surrounding water molecules. In confinement, the structure and the network of the hydrogen bond change dramatically. This causes many physical and chemical anomalies for this fascinating liquid. The critical dimension at which water is considered to be confined is still under debate [7, 8] . It is reported to be within a wide range from 100 nm [9] to as low as 1 nm [10] . Confined water is believed to form a depletion layer near the surface due to the change and breaking of the hydrogen-bond network. A previous work [11] on water in SWCNT (diameter of about 7 nm) has confirmed the presence of such a depletion layer near the surface. The presence of this layer is thought to be the reason behind the fast flow of water in SWCNTs [12, 13] . Furthermore, it was believed that polar fluids such as water would not wet CNTs because the surface tension of water (72 mN/m) is smaller than the threshold value of 200 mN/m required for the entry of liquid into SWCNTs [14] . However, experimental results showed that water can readily flow through SWCNTs.
Experimental results on water in CNT
Since their discovery in 1991 [15] , CNTs were intensively researched in order to understand their mechanical, electrical, and optical properties [16] [17] [18] . Experimental methods such as infrared spectroscopy [17] , Raman spectroscopy [16, 19, 20] , thermogravimetric analysis [21] , transmission electron microscopy [22] [23] [24] [25] [26] , and NMR [27] [28] [29] [30] are widely used to study CNTs. Recently, the liquid confinement in the hydrophobic interior of CNTs has gained the interest of several experimental and theoretical research groups attempting to explain the mechanisms that lead to the observed properties that are substantially different from those of the bulk liquid. Thus far, it is experimentally established with X-ray [31] , optical measurements [5, 32] , and neutron scattering [33] that SWCNTs are able to encapsulate water molecules in spite of the hydrophobic nature of the SWCNT wall. This encapsulated water, with lowering temperature, forms ice nanotubes [34] [35] [36] . In MWCNTs, experimental observation of the water filling is reported with electron microscopy [25, 37] . The main focus of this article is to present the NMR results that were reported on the behavior of water in CNTs. Thus, the next section is dedicated to the details of NMR studies on water in CNTs.
Nuclear magnetic resonance
In NMR, a nuclear spin is exposed to both external and internal interactions. The external sources are the static magnetic field and the radiofrequency pulses normally used in the NMR spectrometer. In this article, we review experimental studies on the dipole-dipole, quadrapole, and chemical shift interactions of confined heavy and normal water in CNTs. These internal interactions contribute to the NMR line shape, NMR relaxation times, and NMR diffusion measurements, and will be reviewed separately.
NMR line shape analysis
NMR spectra measurements are commonly referred as line shape. It can provide information about the local magnetic environment that the nuclear spins are subject to. The number of the observed NMR resonance lines (peaks) refers directly to the inequivalent nucleus sites in the molecule providing basic structural information. Intensity is a dimensionless quantity that can be expressed in terms of the height or the volume under the peak in the frequency spectrum. Intensity is directly related to the number of nuclei resonating at a given frequency and experiencing the same chemical environment. Thus, it can provide relative information on occupancies within the identically acquired spectra. Linewidth (expressed as full width at half maximum, FWHM) can provide information on the dynamic interactions between the nuclei inside the molecule or between the molecules. The latter interaction is characterized by an important parameter in NMR that is called transverse relaxation time, T 2 . Furthermore, the position of the signal in the NMR spectrum can give information about the local chemical environment of the nucleus. The chemical environment is the effective magnetic field that a nucleus is experiencing and includes not only the applied external field but also the combined magnetic effect of all the nearby nuclei and electrons. As a consequence, the resonance frequency of the nucleus is shifted relative to the resonance frequency of the isolated (bare) nucleus. Chemical shift (δ) is typically measured relative to a standard reference substance such as tetramethylsilane (TMS), which is given a value of 0 ppm (parts per million). Chemical shift can be used to identify torsion angles, hydrogen bonding, local electric charges and currents, and various structure elements [38] . Finally, monitoring the evolution of the NMR line shape versus temperature can provide useful information about structural and/or magnetic phase transitions. A prominent application of this technique is studying the freezing point of confined water by monitoring the reduction of the 1 H NMR signal intensity as the temperature is lowered and portions of confined water freezes. The freezing temperature of water is related to size and volume of the porous network, and thus it is possible to acquire information about the porosity of the system. The intrinsic linewidth of 1 H NMR spectra of water confined inside CNTs is shown to be narrow (1-3 kHz) [39] in contrast to the theoretical intermolecular dipolar interaction of about 24 kHz. The observed 1 H NMR linewidth includes contributions such as inhomogeneous broadening due to anisotropic susceptibility [40] , magnetic impurities, and deviations from isotropic molecular rotations. This is due to the motional narrowing effect [41] that occurs when a large-amplitude molecular motion with correlation time shorter than the NMR time scale averages out the local field.
The intensity of the 1 H NMR signal is inversely proportional to the temperature due to the broadening of the NMR line shape beyond the observation window of most NMR systems as a result of the freezing of water at low temperatures. The protons in solid ice exhibit short T 2 relaxation time of the order of 6 μs, and therefore the freezing of the confined water leads to broadening of the corresponding peak ( > 50 kHz width). The chemical shift of free water is 4.6 ppm (referenced to TMS). The theoretical predictions on the chemical shift of confined water in SWCNTs with diameters between 1 and 1.49 nm are about -20 ppm [42] , referenced to TMS.
In the last decade, several NMR papers on confined water in CNTs have been published [39, [43] [44] [45] [46] [47] [48] [49] [50] . All of them investigated the behavior of water in SWCNTs, with the exception of Liu et al. [43] who investigated confined water in double-wall CNTs (DWCNTs) and MWCNTs. Sekhaneh et al. [47] and Chen et al. [49] performed magic angle spinning NMR experiments, while other groups have investigated the freezing of the confined water inside the CNTs by monitoring the disappearance of the 1 H NMR spectra upon lowering the temperature. An exception is the work of Chen et al. [49] in which the authors monitored the evolution of the 1 H NMR line shape by adding water and then desorbing it at room temperature. In addition, Mao et al. [48] and Wang et al. [50] reported water adsorption in SWCNTs at room temperature. The results of these experimental works are not easy to compare with each other because the amount of the added water and the reference material for the chemical shift calculation are not reported in most of the mentioned papers. Below, we present the key results that most papers agree on or disagree about, and try to explain the reasons behind these differences.
Several studies with measurements at different temperatures [39, [43] [44] [45] [46] [47] confirmed the lowering of the freezing point of the confined water. Confined water remains in liquid state well below 273 K. The 1 H NMR signal disappears in the vicinity of 200 K. In Table 1 , we present the reported temperatures of the liquid-ice T L-I transition in the NMR time scale. Moreover, many SWCNT studies [39, [43] [44] [45] [46] [47] reported an increase in the FWHM at lower temperatures and/or a decrease in the signal intensity below the freezing temperature of the bulk water. The intensity of the 1 H NMR and 2 H NMR spectra is drastically decreased below 240 K. These researchers identify that temperature, denoted here as T ice , as the formation of ice nanotubes followed by the movement of the water from the center of the CNTs toward the walls. In Table 1 (last column), we present the reported transition temperatures. As a special note, although Sekhaneh et al. [47] did not mention a T ice transition, their experiment denoted a disappearance of the NMR signal of the confined water at 244 K for the sample of 87%wt. For their samples of 214%wt and 318%wt, with more confined water, the NMR signal persisted down to 220 K. This provides a strong indication that the confined water from the center of the SWCNT moves toward the wall, during the lowering of the temperature, and forms ice nanotubes, causing the disappearance of the NMR signal. Presumably, at the later samples with excess of water (214%wt and 318%wt), some liquid water remains at the center of the SWCNTs as the NMR signal persisted up to 220 K. Furthermore, this suggests a change in the hydrogen-bond network of water as it tends to be more structured for water close to the wall of the CNTs than that at the center of the tubes. This is an important observation, and it may also be related to the pore-filling mechanism in nano-cages, in general. It is expected that the hydrophobic forces of the CNT wall push water molecules to first fill the center of the CNT and then progressively move toward the walls (at higher water occupancy) [51] . This is opposite to the mechanism by which water fills the pores of hydrophilic materials such as MCM-41 [52, 53] . Furthermore, Liu et al. [43] did not report an ice NT transition in their DWCNT and MWCNT experiments, but reported a stabilization of the T 1 and T 2 values for both samples for temperatures under 244 K. Also, the diffusivity in their DWCNT sample remained constant for temperatures under 243 K. They explained this result based on the formation of the Table 1 ; T L-I values for Matsuada et al. [39] and Kyakuni et al. [44] .
ordered-water structure in the well-defined confinement of CNTs.
2
H NMR experiments were reported by the same group in two different publications [39, 44] . They conducted experiments with a wide range of diameters of SWCNTs from 1.35 to 2.40 nm. In Figure 1 , we demonstrate the results on the freezing temperature of the confined water, using some of the results from Table 1 , versus the diameter of the SWCNT used. It was not possible to extract the freezing temperatures for all the results in Table 1 as the experimental conditions and sample preparation steps are not identical.
Although the data appear to show an almost linear dependence of the liquid-ice temperature with the diameter of the SWCNT, a large difference in temperature (about 35 K) is observed for freezing point in between H 2 O and D 2 O, for the same diameter of the CNT. This might be related to the experimental condition differences between H 2 O and D 2 O and/or other unknown factors. More experimental work is needed, with accurate determination of the freezing temperatures and at more SWCNT diameters in order to examine the linear relationship as shown above. A further note that all authors agree upon is that the 1 H NMR spectra at room temperature is a motional narrowed single peak; however, the reported FWHM values range from 400 Hz to 5 kHz. The reported chemical shift values at room temperature range from +13.8 ppm to almost -15 ppm. Table 2 summarizes the reported experimental values of the chemical shift of confined water in CNTs at room temperature.
Ghosh et al. [46] reported a positive chemical shift +13.8 ppm of the 1 H NMR signal of confined water referenced to TMS. However, they reported the chemical shift of free water in SWCNT to be +12.06 ppm with respect to TMS. This value is extremely different from the motional narrowed peak at 4.6 ppm of bulk water. According to the authors, the additional downfield shift arises possibly from the presence of the SWCNT having a large negative molar magnetic susceptibility (approx. -10 -5 cm 3 / mol). Later [45] , the same group reported a 4.6 ppm chemical shift for free water and 5.5 ppm for confined water by using samples with a very small SWCNT amount (100 μg in 1.6 ml). According to Mao et al. [48] , an upfield chemical shift can be identified at room-temperature 1 H NMR line shape. However, the value of chemical shift value is not clearly represented; therefore, estimated values are given in Table 2 . The same is applicable to the work of Matsuda et al. [39] and Kyakuno et al. [44] . The chemical shifts were estimated based on their reported magnetic field and 1 H and Table 2 ).
As indicated from Figure 2 , the majority of the authors [39, 43, 44, [47] [48] [49] reported an upfield chemical shift for the confined water and heavy water, in reference to the free water in their samples. These values vary from -10 to Table 2 ). Each value is obtained by the subtraction of the value of column 3 ( Table 2 ) from the corresponding value of column 4.
-2.0 ppm, while the corresponding theoretical result for confined water in CNT is -20 ppm (with respect to TMS) [42] . A possible explanation for this wide diversity in the reported values of the chemical shift may lie on the specific experimental procedures and the sample preparations (indicated in Table 2 ). In many cases, the water content and/or the total mass of the CNTs are not specified. A special note on the importance of the background correction and its influence on the recorded data is given in Chen et al. [49] but are not found in Refs. [39, [44] [45] [46] [47] . Based on these results, it is evident that more experimental work is needed in order to establish the chemical shift of confined water in SWCNTs.
The last column in Table 2 summarizes the differences in the peak positions at room temperature and at the reported freezing temperatures (see Table 1 ). In most cases, no increase in the chemical shift of confined water (upfield or downfield) is observed with decreasing temperature. Ghosh et al. [46] reported an enormous downfield in the 1 H NMR peak position, while later the same group [45] reported a 1.2 ppm downfield chemical shift. According to the calculations of Sekhaneh et al. [47] , the chemical shift of water at the center of the SWCNT is around -5.5 ppm, whereas near the SWCNT wall it is around -1 ppm. This might suggest that the water undergoes a change of its chemical shift when moving from the center of the SWCNT toward the walls upon lowering the sample's temperature and hence the formation of ice NTs. Experimental work is needed in order to determine if there is a shift of the 1 H NMR peak with lowering temperature and if that change is upfield or downfield.
NMR relaxation time analysis
Behavior and dynamics of fluids are directly affected by the geometry of a nano-confinement. Therefore, in many cases, NMR relaxation times T 1 and T 2 or diffusion D in porous systems spread over a wide range, reflecting the complicated pore microstructure and the multiplicity of interactions between transporting molecules and the solid matrix. Both relaxation and diffusion decay curves are usually modeled with a Fredholm integral equation of the first kind:
where [50] measured the confined water adsorption isotherms with NMR in SWCNTs. The authors reported a hydrophobic-hydrophilic transition upon cooling from 22°C to 8°C, and by measuring NMR relaxation times T 1 and T 2 . They showed that the inner and intramolecular dipole-dipole interactions contribute to the relaxation time T 2 as the molecular motions under confinement are anisotropic, and the intermolecular dipolar interaction cannot be easily averaged to zero [61, 62] . In addition, they reported a considerable slowdown in the molecular reorientation of the confined water compared to the bulk, which is determined to be on the order of 10 to 100 ns. Liu et al. [43] in their 2014 paper measured the T 1 and T 2 values of the DWCNT and MWCNT samples in the temperature range of 300-220 K. Both T 1 and T 2 decreased significantly as the temperature is lowered to 263 K and finally became constant below 243 K. They explained these results as a further support that the outside water freezes at 263 K. The authors did not comment on the constant values of both T 1 and T 2 below 243 K observed in their results, which might be related to the formation of ice NTs. It is evident that more NMR relaxation time studies are needed in order to explore the phase transition dynamics of confined water inside CNTs at different temperatures.
NMR diffusion measurements (water in CNT)
Understanding the diffusion mechanism of liquids (especially water) inside CNTs is a key milestone to their potential use in numerous applications such as nanosyringes [63] , gating mechanisms [64] , nanotube membranes [65] , but also for understanding transfer mechanics in ion transport in biological membranes [66] [67] [68] and protein folding [69] as well as biomedical devices [70] [71] [72] . In an isotropic homogeneous system, the conditional probability P(r 0 , r, t d ) of finding a molecule, which was initially at position r 0 , at position r after a time t d , is given by
where D is the self-diffusion coefficient and is obtained from the average mean square displacement of the water molecules versus time. The diffusion of water in bulk occurs as a Fickian mechanism (the mean square displacement is linear with time). The diffusion of confined water can be of Fickian type, provided that the water molecules can pass each other. If the confinement prevents the water molecules to pass each other (in a very narrow CNT), the diffusion can occur in a single-file mode, where the mean square displacement scales with the square root of time. Furthermore, when the water molecules move coordinated, their diffusion can occur in a ballistic mode, where the mean square displacement scales with the square of time. Single File: r Dt < >∼ 2 2 Ballistic: <r Dt > The diffusion coefficient can be studied typically with a number of methods other than NMR. These methods include X-ray diffraction [31] , neutron diffraction, inelastic neutron scattering [33] , and MD simulations [4, 73, 74] . The pulsed field gradient (PFG) NMR method is a non-invasive method that can directly determine the selfdiffusion coefficient and its relation with time; see, for example, review articles on the diffusion NMR spectroscopy in Refs. [75, 76] .
Das et al. [45] conducted dynamic experiments using the PFG NMR method in order to determine the diffusion of water molecules. They recorded PFG signals for 16 different magnetic field gradient values. The diffusion coefficient, at room temperature, was estimated at 2.2 × 10 -9 m 2 /s, a typical value for bulk water. They were able to measure the diffusion coefficient of confined water only in the temperatures 271 and 268 K. At lower temperatures, the NMR signal was too weak to be recorded. Following the analysis of their data, they concluded a single-file-type diffusion inside the SWCNT. Liu et al. [43] used NMR to study the diffusion of water inside DWCNTs and MWCNTs. They used stimulated echo PFG NMR in the temperature range from 223 to 263 K. Their results indicated that the diffusion of water in CNT is a typical normal diffusion mode as for bulk water. They found that water diffusion inside CNTs is one order of magnitude faster than that of water-hydrophilic channels of MCM-41 [77] with a comparable pore size (~2.3 nm). They attributed the fast diffusion to the ordered-hydrogen-bond network of confined water and weak carbon-water interaction. Their results have shown higher water diffusivity in DWCNT compared to that in MWCNT despite the higher number of oxygen groups present in the DWCNTs. Previously published works [78] [79] [80] [81] on modified CNTs with oxygen groups have shown opposite results as in Ref. [43] .
Of considerable interest is the implementation of diffusion ordered spectroscopy (DOSY) in the study of CNT conjugates, such as functionalization and purification of CNT-polyethylene glycol conjugates [82] , or evaluation of the binding of small organic molecules and surfactants on CNTs [83, 84] . In a typical DOSY experiment, a series of spectra are recorded with incremented PFG amplitudes in a PFG spin-echo or a PFG stimulated spin-echo experiment. DOSY is becoming a popular technique for the determination of molecular weight distribution and structural characterization of polymer mixtures or blends [85] , for the identification of low molecular weight process-related impurities formed during polymer synthesis [86] , and for the study of intermolecular interactions [87, 88] .
MD simulation
MD computer simulation is an important theoretical tool that gives important atomic insights. These insights can be utilized to make predictions or often explain the atomic details behind experimental data. MD simulations are used to study the behavior of large systems of interacting particles. Particles can be modeled at different levels of detail, and different types of interactions can be considered. The equilibrium properties and kinetics of the system of interest are calculated by allowing the system to evolve using Newtonian mechanics.
There exists a large body of literature of MD computational studies investigating the behavior of water inside CNTs. In these studies, the van der Waals interactions between water and carbon are modeled by LennardJones (LJ) potentials. In addition, different types of water models can be used.
The pioneering work of Hummer et al. [89] simulated 66 ns of the dynamics of a short uncapped SWCNT solvated in TIP3P [90] water at constant pressure (1 bar) and temperature of 300 K. Two different LJ parameters were used for the interactions between water and carbon. This simulation showed that water can fill the initially empty SWCNT in bursts from the surrounding reservoir water. This work highlighted the sensitivity of the water channel occupancy to interaction strength between water and carbon. In addition, the anomalous fast filling dynamics was attributed to strong hydrogen bonding between water molecules inside the SWCNT channel. The strong hydrogen bonding leads to forming long water chain (five or six molecules) inside the channel.
Many more simulation studies followed and shed more light on the structure and behavior of water inside CNTs at different conditions. These studies try to explain the anomalous behavior of water inside nano-confinements. The main issues of interest were the structure of water inside CNT, the filling (emptying) mechanism, and the diffusion kinetics.
Driving forces behind water filling
The water filling of CNT channels is driving by energetic as well as entropic factors. Pascal et al. [91] used MD simulations to calculate the entropic and enthalpic contributions of water free energy inside CNTs with different sizes (length of 10 nm and diameter from 0.82 to 2.72 nm). The results from these simulations show that water gains more rotational and translational entropy inside small CNTs and translational entropy inside large CNTs. The only two exceptions were the 1.1 and 1.2 nm CNTs where the rigid H-bond network is the main contributor to favorable free energy inside. The broken H-bonds and non-rigid structure of water inside the CNT are the reasons behind the increase of rotational and translational entropy, respectively. Waghe et al. [92] calculated the entropy and energy of water transfer by simulating open (6,6) CNTs over a temperature range between 280 and 320 K. They found that the entropy of filling is negative and independent of the strength of water-carbon interaction. Thus, the CNTs will empty at higher temperatures. They conclude that CNT filling is driven by energetic forces that depend on the water-carbon interaction strength. In a similar study, Garate et al. [93] simulated open (5,5) and (6,6) CNTs to calculate entropic and energetic contributions to water transfer. Their results suggest that the filling of (5,5) CNT is not favored, whereas the filling of (6,6) CNT is both entropically and energetically driven. The entropic factors are dominant at low occupancies. In another study, Kumar et al. [94] simulated the thermodynamics of filling of (6,6) CNTs at different temperatures (273-353 K). They used the two-phase thermodynamics (2TP) [95] method to calculate entropy. Their results show that both entropy and enthalpy contribute to the favorable condition inside the CNT. The translational entropy of confined water was found to be lower for all the temperatures considered. In contrast, the rotational entropy was found to be higher.
Both types of entropy transfer decrease with increasing temperature. The energy transfer behaved in the same fashion. The relative breaking of H-bonds is the main reason for these variations.
In summary, the water filling inside CNTs is controlled by both energetic and entropic factors. The energy of transfer depends on the strength of water-carbon interaction and H-bonds of water inside the nanotube channels. The entropy of transfer depends on the number of H-bonds broken when water enters inside the nanotube. The breaking of H-bonds between water molecules increases the rotational entropy. The seemingly contradicting results between different studies are caused by several factors such as water models, force field parameters, and entropy calculation method. The results seem to depend on the size of CNTs.
Structure of confined water
The organization of water molecules inside CNTs has been studied using different methods, with MD simulations being the best tool to explore the details of these water structures. In Hummer's early study [89] of simulating water nanotube filling, it was found that water adopts a single-file chain in which water molecules are connected to each other by stronger-than-normal H-bonds. However, other MD simulations of larger nanotubes (1.1-1.4 nm) [4] immersed in TIP4P [90] water in the temperature range 240-320 K showed that water form ice nanotubes with different shapes (square, pentagonal, hexagonal, and heptagonal) depending on the temperature and applied pressure. More complex ice structures were observed in the MD simulations of Kolesnikov et al. [33] . The simulations were based on rigid SWCNTs of length 0.4 nm and diameter of 10 nm, and the polarizable TTM2-F water model [96] . The simulations were in the temperature range of 10-300 K. The results show that water forms a shellchain structure with cylindrical ice tube surrounding a single water molecule chain inside it. The shell consists of square-ice sheet wrapped into a cylinder shape. The shellchain structure was found to be sensitive to H-bond fluctuations in the form of bond breaking and forming [97] . These fluctuations increase with temperature leading to the melting of the shell-chain structure at 210 K. Another study [98] that used the TIP5P [99] water model confirmed the existence of the multiwalled ice nanotube and helix structures inside CNTs with diameters between 1.35 and 1.90 nm at high pressure. In addition, other studies found that the formation of ice structure at low temperatures is strongly affected by the CNT diameter [34, 35, 44, 100] .
These researchers summarized their previous works and have introduced a global phase diagram of water confined in SWCNT. Another recent combined MD and X-ray diffraction study [101] also showed that the water structure depended on the size of the CNT surrounding it. The study found that there was a critical CNT size between 0.8 and 3.4 nm where the ice-like clusters appear. The simulations show that water in small CNTs ( < 1 nm) formed a single-file chain, and as the size of the CNT increases ice nanotubes take over until they melt above 3 nm.
These predictions have been verified experimentally by X-ray diffraction [34, 35] , NMR [39, [44] [45] [46] , and neutron diffraction [33] . Maniwa et al. [35] confirmed the dependence of the number of water molecules in a ring on the nanotube diameter by X-ray diffraction.
Water flow inside CNTs
The dynamics of water transport inside CNTs have attracted a lot of attention. Different studies point to different mode of water transport such as random-walk, singlefile diffusion, Fickian diffusion, and ballistic diffusion. These different modes seem to depend on factors such as the size of CNTs and the pressure applied. In Hummer's simulations [89] of small CNTs, burst-like flow of water was observed that was consistent with the random-walk behavior [102] . The single-file motion is greatly simplified by the existence of strong hydrogen bonds between water molecules [103] .
Molecular simulations of long (8, 8) SWCNTs showed that water exhibited ballistic diffusion up to 500 ps and then switches to Fickian diffusion in spite of the narrow nanotube diameter (1.08 nm) that may indicate a single-file water chain. Similar observations were found by Mukherjee et al. [104] using MD simulations of water in narrower (6, 6) CNTs at 300 K. This Fickian diffusion for single-file chain molecules was attributed to the tight hydrogen bonding. MD simulations of different sizes of CNTs with binary mixtures reported similar results of transition from early ballistic to single-file or Fickian diffusion depending on the size of the CNT [105] . Similar observations were made by Ye et al. [106] . Barati Farimani and Aluru [107] studied the spatial distribution of flow rates and found that water exhibited Fickian diffusion near the center of the CNT and ballistic diffusion near the CNT surface. It is worth to mention that the single-file diffusion of confined water in SWCNTs is also reported using NMR [45] .
Another interesting aspect of water flow is the observation of very large flow velocities in many experimental studies. This behavior, which was predicted earlier in an MD study by Kalra et al. [108] , motivated further investigation of the causes of the enhanced flow rate. An MD detailed analysis [11] of the water structure inside (16, 16) CNTs showed that the depletion region at the water-CNT interface plays a critical role in enhancing the flow. Water orientation and the existence of free H-bonds pointing to the CNT wall in this depletion region increase the flow rate significantly. Rough or hydrophilic walls would reduce the number of free H-bonds. Similar observations were made in another MD study [79] in which water transport declined by enhancing electrostatic interactions or increasing the wall roughness. Mattia and Calabrò [109] found that the enhanced water flow depended on waterwall interactions. Walther et al. [110] used MD simulations of open CNTs to explain the superfast water flow. Their results show that the flow rate depends on the CNT length and cannot be attributed solely to water-CNT interactions.
A number of reports investigated the effects on diffusivity of confined water in SWCNTs related to surface effects [111] , temperature [112] , and ion impurities [113] . Zheng et al. [111] concluded that the nanoscale surface and the small confinement can induce anomalous diffusion behavior of the confined water. They detected a twostage diffusion mechanism as a result of the cooperation of the two effects inside CNTs with diameter < 1.22 nm. Marti and Gordillo [112] concluded that the hydrogenbond network of confined water is weaker than the one in bulk water at all simulated temperatures. They concluded that water diffusion is faster than the bulk value in all temperatures. Gao et al. [113] concluded that for positively charged systems, at certain ion concentrations, a maximum in diffusion coefficient is present. For negatively charged systems, the diffusion coefficient decreases monotonously with increasing ion concentration.
In summary, confined water in SWCNT will order in chain-like structures and exhibit a flow rate comparable or better than that of bulk water. The hydrogen-bond network, temperature, ion concentrations, diameter, water loading, and surface effects are parameters that can affect the diffusion mechanism of confined water in CNTs. In general, MD simulations were very successful in explaining and predicting many interesting properties of confined water inside CNTs, such as structure, transport, and other properties [34, 114, 115] . However, the results of MD simulations depend on the details of the models used as pointed out elsewhere [116, 117] . Water models have to be improved in order to reproduce emerging experimental data [117] [118] [119] . In addition, LJ parameters for water-CNT interaction have to be optimized [120] . Finally, there is strong evidence [118, 121] that many of the water-CNT properties are quantum in nature and, thus, computer simulations have to account for these quantum effects.
Conclusions
From the above exploration of the experimental work done during the last decade with NMR spectroscopy on the behavior of confined water inside CNTs, we can safely conclude that there are still controversial results and open issues for research.
The majority of the research groups focused on the static part of the signals. Nevertheless, there exist a few points that still remain unclear on the NMR line shape of the confined water inside CNTs.
Firstly, the reported values of the chemical shift vary greatly. A rigorous study should be carried out in order to establish the chemical shift signature of confined water in different CNT diameters with carefully prepared samples. Furthermore, it is very interesting to establish if there is a shift on the NMR peak of the confined water with lowering temperature and with different water contents, as it relates to the filling mechanism in hydrophobic systems such as CNTs.
Secondly, the inverse relation between the diameter of the CNTs and the freezing temperature of the confined water, in the NMR time scale, should be experimentally confirmed.
As for the dynamic part of the NMR signal of confined water, a great deal of experimental work should be carried out. The relaxations rates T 1 and T 2 should be monitored with lowering temperature as they are sensitive to structural changes and should provide experimental evidence on the formation of ice NTs, at different diameters.
A more rigorous study must be carried out for the determination of the self-diffusion coefficient of the confined water inside CNTs. The experiments should cover different temperatures and different diameters in order to illustrate the underlying mechanisms of water diffusion. The role of hydrogen bonds, the smoothness of the surface of the CNTs, their hydrophilic nature, and the effect of the impurity centers on the diffusion coefficient should be investigated.
MD studies played a very important role in explaining the experimental results at the atomic level. In addition, they provided many predictions that motivated further experimental investigations. These MD studies confirmed many of the experimental results with several discrepancies that result from the details of the models used. Several MD simulation parameters need to be optimized in order to reflect recent experimental evidence that point to their deficiencies in water models and LJ parameters.
